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Relativistic effects in gold chemistry. VI. Coupled cluster calculations
for the isoelectronic series AuPt ~, Au,, and AuHg *
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Nonrelativistic and scalar relativistic pseudopotential calculations were carried out for the
isoelectronic series of diatomic molecules AuPAu,, and AuHg at the Hartree—Fock,
second-order Miter—PlessefMP2), and coupled-clustdiCCSOT)] level. For Ay, we performed
large scale fully relativistic Dirac—Hartree—Fock and MP2 benchmark calculations in order to test
the reliability of the pseudopotential approximation. Both methods vyield almost identical
spectroscopic properties for AuThe comparison further reveals that pseudopotentials correctly
describe the effects of relativity on the spectroscopic properties af Fue yet unknown diatomic
species AuPt and AuHg are stable compounds, and their rotational—vibrational constants
are predicted. These show striking similarities compared to the values,oMRR results including

a set of threeg-functions per metal atom indicate that higher angular momentum functions
are important for accurately predicting the bond distance of these moleculd99® American
Institute of Physicg.S0021-960809)30718-3

I. INTRODUCTION rors which are smaller than the usual errors of basis set in-

completeness and limitations in the electron correlation pro-
Across a row of the periodic table relativistic effects arecedure applied? This has recently been demonstrated by our

at their maximum at the group 11 elements Cu, Ag,*Au, group for the example of Auk®

and the heaviest homolog in this series, element®1The In this article we study in detail relativistic effects in

underlying reason is not so well understood, but it is asimolecular properties of Auat the scalar relativistic pseudo-

sumed that the filling of the lowedt shell might be respon- potential level using energy adjusted Stuttgart pseudopoten-

sible for the outstanding behavior of the group 11 elementdials together with large valence basis sets. Electron correla-

As a result, relativistic effects cannot be neglected anymorgion effects are treated at the coupled cluster, Ca3Pand

even for the lightest element in this series, coppéor gold, ~ Mdller—Plesset level, MP2. The results are compared to

relativistic effects often exceed the effects of electron correbenchmark fully relativistic four-component calculations at

lation and both the physics and chemistry of gold are domithe Dirac—Hartree—FockDHF) and MP2 level of theory.

nated by relativistic effects.’ For compounds of the neigh- For comparison, scalar relativistic calculations are carried

boring elements platinum and mercury, relativistic effectsout for the isoelectronic species AuPand AuHg'. Earlier

are still large® but are expected to be smaller compared toinvestigations on these molecules are not known to the

similar compounds of gold. authors?®2’ and the predicted spectroscopic parameters may

The gold dimer Ay has been the subject of many theo- be used for future identification.

retical studie$?° The special interest in this simple di-

atomic molecule is mainly stimulated by the relativistis 6 11. COMPUTATIONAL DETAILS

contraction in gold which causes a large bond contraction

and leads to the well known anomaly in the bond lengths

21 P )
e Clp) <1 o(AU) <r'e(Adp) ™ The majority of recent stud Mdller—Plesset (MP2), and coupled cluster calculations

ies using various relativistic techniques and electron correla[—CCSD and CCSDN)] calculations we used energy consis-

:::3” prgclegl ureds Op;eodftf a reIa:;qwsg)c bond contraction be'tent pseudopotentials to replace the 60 inner electrons of Pt,
een ©.2c and . or AUFig. . Au, and Hg®?° The orbital space was kept fully active in the

The most widely used method in heavy element CalCU|aE:orrelated calculations. For gold we used the

tions is the relativistic pseudopotential approximation. This(9S7IO 6d 3f )/[8s 4p 5d 3f] basis sets as described in Ref
method is still criticized by a few authdfssince differently 28, decontracted all but the two highastexponents and

adjusted pseudopotentials together with the supplied staliyded a (81p2d 1f) set of diffuse functions. For Pt we
dard basis sets can lead to quite different results for m°|e°LBptimized a (18 10p 7d)/[9s 7p 5d] basis sets by minimiz-

lar propertie§.3 However, a careful adjustment of the j,o ihe total energy at the Hartree—Fock levilF) and
pseudopotential parameters together with a reasonably smalljjeq the same set of diffuse arfdnctions as in the case of
core definition and energy optimized basis sets leads to fold. For Hg the (%7p 5d)/[6s6p 4d] basis sets of Ref.

29 were augmented by fodirfunctions and a set of diffuse
dElectronic mail: schwerd@ccul.auckland.ac.nz functions to match the size and the most diffuse exponents of

For the nonrelativistic(NRPP and scalar relativistic
pseudopotentialSRPB Hartree—Fock(HF), second-order
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wave functions and eigenstates was then carried out applying
the numerical Numerov—Cooley procedure as implemented
in the MOLCAS2 program packagé
The all-electron relativistic four-component Dirac—
Hartree—FocKDHF) and MP2 calculations were performed
with the DIRAC program suité*—*6The DHF calculations for
Au were performed with the open-shell module that recently
has been developed by ThyssériThe open-shell MP2 en-
ergy was calculated with VisscherigeLccsD code®® This
program has been interfaced withrAC. For the four-
component DHF calculations the original gold basis set by
Laerdahlet al®® was modified in the core region and in the
stype valence space. The twithree high exponents(p)
functions were replaced by an even-tempered series of three
(six) functions(ratio 4.0. The two low exponens functions
were replaced by an even-tempered series of four functions
(ratio 2.5. The energy of the final dual family
FIG. 1._Pub|ishgd b_ond length contractions inzﬁque to relativistic and (255 23p 14d 10f ) basis set is 0.058 a.u. above the numeri-
;?ég?ﬁtgnalc_‘zggfu;g?il;L"/rgptgirge;t tSOt'r'::eb err'gh;hgﬁlﬂx}g?e;g’g cal DHF limit. The relativistic calculations were performed
12), PP/IQCISDT) from Schwerdtfege(Ref. 7, DFT(LDA) from Héberlen ~ With & Gaussian nuclear model. The nuclear exponent and
and Rech(Ref. 11, DFT(S) from Bastuget al. (Ref. 16, DK/ACPF from  atomic DHF limit energy is given by Visscher and Dy3ll.
Hess(Ref. 17, DFT(LDA)/IZORA and DFTBP)/ZORA from van Lenthe  Test calculations show that the remaining deficiency in the
et al. (Ref. 14, DK/MP2 from Park und Almié (Ref. 10, DFTBR/DPT 0 i <ot is in the core region which is of little importance for
and DFTLDA)/DPT from van Willen (Ref. 18, PP/CCSDT), PP/MP2 and . . . ) .
four-component MPZRMP2) from this work. the chemical properties considered in this study. The result-
ing Gaussian basis set has been used in spherical and uncon-
tracted form for the large component functions, and the small
Au and Pt. This results in the following contraction schemescomponent basis sets were generated from the large compo-
(13s11p9d 4f)/[11s8p 7d 4f] for Pt, (11s9p8d4f)/  nent set using a linear transformation and a projettidrat
[10s8p 7d 4f] for Au, and (189p 8d 4f)/[9s7p6d4f] is equivalent to the restricted kinetic baland®KB)
for Hg at the nonrelativistic level; (K3l1p9d4f)/  condition? The total number of functions used is 468 for the
[11s8p 7d 4f] for Pt, (1G8p7d4f)/[9s7p6d4f] for  large component in Au To our knowledge this represents
Au, and (1510p 8d 4f )/[10s9p 7d 4f] for Hg at the rela-  the largest fully relativistic correlated calculations carried out
tivistic level. The quality of our basis sets used can be estiso far. All the 38 valence and subvalence electrons of Au
mated from the calculated electron affinities and ionizationwere correlated in the direct MP2 calculations. Note that the
potentials for the neutral elements at the coupled cluster levéls orbital of Au is energetically below thef4dshell in the
of theory which are in very good agreement with experimen+elativistic case. The # orbitals were not correlated in the
tal results(Table )).3° The additional set of threg functions  calculations. Virtual orbitals above 100 a.u. were neglected,
used for the extended MP2 calculations for,Auas chosen and the sum over molecular orbitals in the second-order per-
to match the three high exponehfunctions. The calcula- turbation term was restricted to positive energy eigenstates
tions were performed with theAaussiaNg4 and ACES2 pro-  of the DHF solutions(SS| S two-electron integrals were
gram package®:*?Up to 20 single points were calculated at included in the DHF calculations, but neglected in the calcu-
the different levels of theory to describe the most importaniation of the MP2 energy. This is known to have negligible
part of the potential energy curve for the diatomic moleculeseffects on spectroscopic propertigs® The force constants
A rotational—-vibrational analysis to obtain rovibrational were calculated from a quadratic fit to three points at exactly
r=r, and r=r,=0.01A. The all-electron nonrelativistic
calculations were carried out usigpUSSIAN94 %!
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PP/CCSDI[T]

DFT(BPYDPT

PP/QCISD(T)
DFT(LDAYZORA
DFT(BPYZORA
DFT(LDA)/DPT

TABLE I. Vertical atomic ionization potentialdP) and electron affinities

(EA) calculated at the CCSD) level? IIl. RESULTS AND DISCUSSION
bt Au Hg The calculated spectroscopic constants for te"

NRPP 708 705 8.32 ground states of AuPt Au,, and AuHg" are listed in Table

T= SRPP 8.93 9.02 10.32 Il and show an excellent agreement of the pseudopotential
exp? 9.00 9.23 10.44 with the all-electron HF or MP2 results. In both the nonrel-
NRPP 0.08 117 0.00 gthls_tlc and relativistic treatmen_t there is almqst n_umencal

EA SRPP 2.09 219 0.00 identity of the calculated bond distances and vibrational fre-
expd 2.12 231 0.00 guencies. As spin—orbit coupling is explicitly included in the

—— fully relativistic calculations while the scalar relativistic
2All values in units of eV.

PRelated to the Pt (& 5d'% ground state in the nonrelativistic calculation. pseUdOpote.ml.alS are spin—orbit aver'aged, the agreement of
*Not corrected for spin-orbit coupling. both relativistic methods also confirms the comparingly
dExperimental values from Ref. 30. small effects of spin—orbit coupling in AuTo check if this
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TABLE II. Spectroscopic properties for the electronic ground stat®s ) of the isoelectronic molecules AuRtAu,, and AuHg .2
AuPt” Au, HgAu™®
NRPP SRPP NRPP AENR SRPP AEFR NRPP SRPP
le HF 3.102 2.674 2.930 2.930 2.606 2.594 3.066 2.700
MP2 2.751 2.425 2.696 2.701 2.454 2.449 2.794 2.528
CCsSD 2.830 2,521 2.771 2.510 2.880 2.590
CCsOT) 2.801 2.517 2.761 2.505 2.863 2.581
CCSDOT)+g(MP2) 2.494 2.486 2.562
De HF 0.292 0.140 0.400 0.384 0.833 0.895 0.931 1.238
MP2 1.313 2.832 1.606 1.566 2.531 2.544 1.512 2.044
CCsD 0.978 1.788 1.246 2.001 1.292 1.747
CCsOT) 1.161 2.182 1414 2.219 1.370 1.857
CCSDOT)+g(MP2) 2.149 2.212 1.921
IP HF 0.44 0.00 5.26 7.17 11.82 14.30
MP2 1.66 2.46 7.30 9.78 14.02 16.72
CCsD 1.52 1.76 6.89 9.08 13.59 16.08
ccsO) 1.65 2.07 7.08 9.11 13.70 16.11
e HF 72 93 98 97 160 159 78 119
MP2 120 203 140 140 205 205 115 167
CCsD 101 171 125 185 100 147
CccsOT) 103 176 125 182 97 139
CCSDOT)+g(MP2) 172 189 165
WeXe CCsOT) 0.60 0.36 0.59 0.47 0.11 0.36
Be CccsOT) 0.219 0.274 0.225 0.273 0.206 0.253
De CccsOT) 0.379 0.466 0.296 0.252 0.374 0.330
ae ccsOT) 0.83 0.60 0.86 0.71 0.57 0.47

aNRPP: nonrelativistic pseudopotential, SRPP: scalar relativistic pseudopotential, AENR: all-electron nonrelativistic, AEFR: four-component all-electron fully
relativistic. CCSIT)+ g(MP2) are CCSIT) results corrected for the contribution gffunctions at the MP2 level. Calculated bond distanceis A, bond
dissociation energief) (not corrected for vibrational contributioneelative to the lowest calculated energy dissociation channels in eV, vertical ionization

energies, IP, in eV, harmonic frequencies in cm™?, anharmonicity constanb.x, in cm™%, rotational constanB, in 10”1 cm™%, centrifugal distortion

constantD, in 10 8 cm™?, vibration—rotational coupling constaat, in 10™*cm™. The experimental values for the Adimer arer,=2.472 A, D,
=2.36¢eV, IP=9.5+0.3eV, w,=191 cm?, wx,=0.420 cm?, B,=0.28<10 1 cm™, D,=0.250<10 8 cm™?, @,=0.723<10 % cm ! (Ref. 21).
bThe adiabatic ionization energy is 0 eV at the HF level.

agreement might be due to a fortunate error cancellation iguency, Asow.=1cm !, and the dissociation energy,
the applied basis sets we repeated the relativistic pseudopa,D,=0.05 eV? This agrees remarkably well with w,
tential calculations using the outer functions of the all-=0cm™* andAD,=0.052¢eV in our study, even if the dif-
electron basis sets (BS2L1s10p 7d 5f) (Table Ill). With  ference between the pseudopotential and the four-component
the notable exception of the MP2 bond energy both basis setslculations is not a direct measure for the effect of spin—
yield almost identical results, thus supporting the values oborbit coupling. Adding the spin—orbit correction to our
tained with BS1. The error introduced by the pseudopotentiatoupled cluster result gives a internuclear distance 250
approximation is obviously minor compared to errors due toA which is still too high. We therefore added a set of thgee
basis set and electron correlation incompleteness. functions at the MP2 level to estimate the effect of basis set

Experimental data are available only for Ath and our  incompletenesgTable Ill, BS1+g) which further reduces
highest level correlated scalar relativistic pseudopotential
calculations agree well with these data. Note that our
coupled cluster Ayibond distanc¢and most other Aubond  1gLE 111. Comparison of calculated scalar relativistic bond distances,
distances calculated so f&r*°is ~0.03 A above the experi- dissociation energieD., and harmonic vibrational frequencies, , for
mental value of 2.47 A. A small decrease in the,Awond  Au, using different basis sefs.
length is obtained when spin—orbit coupling is included in
the relativistic treatment. For instance, the four-component
DHF and MP2 calculations show a 0.01 A larger relativistic SCF MP2 SCF MP2 SCF MP2
bond cor_ltraction cpmpared to the scalar pseudopotential_ rés 2 606 2454 5599 2435 > 605 5 450
sults. This value nicely matches a recent analysis on spin—p_ 0.833 2531 0.852 2524 0.831 2453
orbit effects in Ay by Leeet al. who showed within a Kram- o, 160 205 156 212 162 205
ers restricted two-component relativistic pseudopotentiaF— : : — :
approach that spin—orbit effects diminish the ,Abond e in A, De‘ in eV, andw, in cm™*. BS1 dgnotes the_ standard basis set

employed in the coupled cluster calculations, BSflis augmented by

length byA gy .= —0.004 A at the MP2 or CCSD) level?®

s - three g functions, and BS2 is the outer 410p 7d 5f functions of the
Very similar small effects are found for the harmonic fre- all-electron fully relativistic basis set.

BS1 BSHg BS2
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the bond distance by 0.019 A. A similar effect is expected
for the coupled cluster results and the extrapolated values are
included in Table Il as CCS@)+g(MP2). We therefore B -Agr, [A] B8 ARD, [cV]
conclude that relatively large basis sets with high angular | fr-------
momentum functions are required to converge towards the Agk [mdyn/A]
experimental bond distance of 2.47 A at the CCBDevel. (RN R RN R R [
There is excellent agreement between all-electron and
pseudopotential calculations for relativistic and correlation -6
contributions in the spectroscopic constants of.Atherela- B ___ 01| ____ e o) |
tivistic bond contraction at the MP2 level corresponds to 04
—0.242 A for the pseudopotential and0.252 A for the
all-electron calculation, the correlation contraction in the
relativistic case to—0.152 A and—0.145 A, respectively. 0
Previous published results yield a relativistic bond contrac- AuPt Auy AuHg*
tion between—0.18 A and—0.32 A. An overview is given in
Fig. 1 together with a comparison to our results, which wer|G. 2. Relativistic changes in bond distances, dissociation energies,
expect to accurately describe relativistic changes within 5%PD., and force constantk,, for AuPt’, Au,, and AuHg" at the pseudopo-
At the CCSEQT) level we attribute the following changes in tentigl CC_SIIQT) I'evel. T_he dissociation energy folr AuPts corrected for
Au, to relativistic effects: Agpre=—0.26A,AgD,  2omic spin-orbit couplingdscDe=—0.25kJ mol).
=0.86eV,AgIP=2.0eV andAgw.=57cnmi L. In compari-

son, changes due to electron correlation at the relativistic led cluster bond has to b ted f .
level amount to: Acro= —0.10A,AcD.=1.4eV,AIP coupled cluster bond energy has to be corrected for spin—

- . . . 3
—2.0eV, andAcw,=19cni L. In conclusion, relativistic ef- orbit coupling in the platinum atorfground state’D3) or

fects are of equal importance or even exceed the effects cgf; on(ground state=Ds;;) which reduces the bond strength

electron correlation as indicated previou$liyloreover, the 0.2-0.4 eV?* Yet it remains surprising that the relativ

. istic effects for AuPt are similar or even larger than the
results clearly demonstrate that electron correlation and relao—nes in Au considering a relativistic aroun 11 maximun
tivistic effects are not additivésee Table ). Y 9 group

To our knowledae the two isoelectronic com Oundspossible explanation is provided by the different dissociation
AUPE and AuHg arg r’10t yet known, and of relatedpcom— reactions for the three molecules. At both the relativistic and

pounds only AuPt and AuPt have been investigated ggggilj?::vu:‘gc level dissociation of the gold dimer occurs
before?? Dai and Balasubramanian obtained for thes, 9
ground state of AuPr,=2.544A w,=194cm!, andD, Au,—2 Au(5d06s':2S,,,). (1)

between 2.2 and 2.7 eV. Interestingly, the addition of anothe,':Or AUPt the situation is more complicated. At the relativ-

electron to AuPt does not increase the bond distance as Ofitic level the least endothermic dissociation yields the gold

might expect for an anion. In contrast, according to our cal,ion and neutral platinum
culations the bond distance decreases from 2.544 A for AuPt

at the MRSDCI levéf to 2.517 A for AuPT at the CCSIT) AUPt —Au~(5d"°6s%:'S) + Pi(5d° 6s':°D3) 2

level and is even further reduced by the addition of trgee ;, agreement with the experimental atomic d¥talowever,
functions. While this difference may partly be ascribed to theihe interaction of the closed shell gold anion with the plati-
different methods used, it is an indication of the bondingnym atom can hardly account for the strong bond in AuPt
character of ther HOMO in AuPt. Note that this is in  As the electron affinity of both elements differs only slightly,
perfect analogy to the bond length reduction from,Al® 3 second low lying dissociation channel becomes feasible to
Au, or even for linear Ayand Aw.* Still it remains some-  gjve rise to the neutral gold atom and a platinum anion:
what surprising that AuPtappears to be as tightly bound as _ 10a.1.2 9 n2.2
Au, at the scalar relativistic coupled cluster level. In general, ~AUPT —AU(5d765™:7S,5) + Pt (5d”65%“Dsp).  (3)
the similarities between AuPfAu,, and AuHg" in the mo-  Accordingly, AuPt would best be described as a gold atom
lecular properties studied here are quite-striking. For exand a platinum anion which form a strolgbond. Indeed, a
ample, after correction for the effect of additional Mulliken population analysis of AuPtreveals that the nega-
g-functions(Table Ill) one obtains the following bond dis- tive charge is located at the platinum center in line with the
tances at the CCSD) level: ro(AuPt ) =2.494 Ar(Au,)  given interpretation. At the nonrelativistic level, however,
=2.486 A,r(AuHg")=2.562 A. In parallel, bond dissocia- the electronic ground state of platinum is a singlet and does
tion energies only vary slightly from 1.921 eV for AuFigo  not even exhibit a positive electron affinity. Thus, in the
2.212 eV for Ay. The only major difference between the nonrelativistic case the molecule dissociates preferably as
three isoelectronic species is the first ionization potential _ _ ] )
which, as expected, increases sharply with the charge of the AUPE —Au" (5d'°65% 'Sy) + PY(5d 765" Sy). “)
molecule from~2 eV in AuPf to >16 eV in AuHg'. The major contribution to the bonding is therefore of the
The quite significant relativistic changes in the bond distwo closed shell atoms interacting in AuPtesulting in a
tance, dissociation energy, and force constant are shown wirastic weakening of the bond compared to the relativistic
Fig. 2 for the three isoelectronic species. Note, that ourcalculations.

0.2
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S. Rabii and C. Y. Yang, Chem. Phys. Let05 480 (19849; (f) P. A.

interaction closed shell species or two open shell atoms Christiansen and W. C. Ermler, Mol. Phys5, 1109 (1985; (g) R. B.

forming ao bond. According to the higher ionization poten-
tial of Hg compared to Au the lowest energy dissociation
channel is

AuHg"—Au*(5d°6s%:1S)) + Hg(5d1°6s2:1S,).  (5)

While a Mulliken population analysis shows that the positive

Ross and W. C. Ermler, J. Phys. Che8, 5202(1985; (h) S. P. Walch,
C. W. Bauschlicher, and S. R. Langhoff, J. Chem. PB#¥5900(1986);
(i) K. Balasubramanian, J. Phys. Che38, 6585(1989; (j) K. Balasubra-
manian, P. Y. Feng, and M. Z. Liao, J. Chem. P18%.3561(1989; (k)
C. W. Bauschlicher, S. R. Langhoff, and H. Partridggd. 91, 2412
(1989; (I) K. Balasubramanian and P. Y. Feng, Chem. Phys. &89,
452(1989; (m) C. W. Bauschlicheribid. 156, 91 (1989; (n) P. Ballone
and G. Galli, Phys. Rev. B2, 1112(1990; (o) C. W. Bauschlicher, S. R.

charge is mostly located at the gold atom, the interaction of Langhoff, and H. Partridge, J. Chem. Phs, 8133 (1990; (p) H.

Au™ with the highly polarizable mercury atom cannot ac-
count for the bond energy 0f1.8 eV and covalent contri-
butions must be presefitin the nonrelativistic case the dif-

Patridge, C. W. Bauschlicher, and S. R. Langhoff, Chem. Phys. 1#t.
531 (1990; (g) K. K. Das and K. Balasubramanian, J. Mol. Spectrosc.
140, 280 (1990; (r) P. Pyykkoand N. Runeberg, J. Chem. Soc. Chem.
Commun.1993 1812;(s) M. Mayer, O. D. Hderlen, and N. Rech, Phys.

ference in ionization energies between gold and mercury is Rev. A54, 4775(1996; (t) V. A. Nasluzov and N. Rech, Chem. Phys.
conserved and the contribution of the ionic and the covalent 210 413(1996.

form will be similar as in the relativistic case. Thus, the

relativistic changes in AuHg are less pronounced than in 17

Au, and AuPT.
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